The first lifetime measurement used to study the magnetic response of halo nuclei is presented. The electromagnetic response of atomic nuclei plays a central role in characterizing the static and dynamic nuclear properties in terms of spatial, spin, and isospin degrees of freedom. The giant resonance is one famous example, exhibiting a significant strength from coherent collective motion between protons and neutrons [1] . Depending on the excitation energy region of nuclei, the electromagnetic transition strength can provide essential information to deduce internal configurations of nuclei, quantify collectivity and deformation, and constrain the nuclear equation of state.
The first lifetime measurement used to study the magnetic response of halo nuclei is presented. The lifetime of the first excited state of the one-neutron halo nucleus 19 The electromagnetic response of atomic nuclei plays a central role in characterizing the static and dynamic nuclear properties in terms of spatial, spin, and isospin degrees of freedom. The giant resonance is one famous example, exhibiting a significant strength from coherent collective motion between protons and neutrons [1] . Depending on the excitation energy region of nuclei, the electromagnetic transition strength can provide essential information to deduce internal configurations of nuclei, quantify collectivity and deformation, and constrain the nuclear equation of state.
At the limit of nuclear stability, exotic structures can emerge due to the rearrangement of shell-model orbitals [2, 3] . When the s-wave strength appears close to the threshold, quantum tunneling of valence neutrons leads to extended wave functions known as halos [4, 5] . In this case, a new degree of freedom in collective modes is naïvely expected from a relative motion between the core and halo neutron, inducing so-called soft collective motions [6, 7] . Nonresonant dipole excitations in light nuclei and pygmy dipole modes in medium and heavy nuclei have been extensively studied through Coulomb excitation with rare isotope beams, revealing a sizable electric dipole (E1) strength in the low-energy region [8] . However, the magnetic response of halo nuclei is not well understood, mainly due to difficulties in selectively inducing the magnetic excitation in intermediate-energy nuclear reactions [9] . Currently, only static magnetic properties have been studied for the one-neutron halo nucleus 11 Be through the β-NMR measurement of the magnetic moment [10] and hyperfine splitting measurement to deduce the magnetization radius [11] . Regarding the dynamic response, a hindered magnetic dipole (M1) strength has been observed for the 1/2 + →3/2 + g.s. transition in 17 C [12] , where a possible halo structure in the excited 1/2 + state is discussed. The present Rapid Communication reports the first study on the dynamic magnetic response of the neutron halo nucleus 19 C. In a simplistic model of the halo, an s 1/2 neutron is coupled to a 0 + core, causing the low-energy M1 response to vanish due to the absence of a spin-flip partner for the s 1/2 orbital. However, the realistic picture is more complex in 19 C, because non-negligible core-excitation components have recently been suggested by an inclusive one-neutron removal study [13] . In this work, we quantify the magnetic transition strength in 19 C to identify possible hindrance, and investigate the role of shell-model configurations responsible for such a transition. The ground state has previously been studied by measurements of interaction cross sections [14] , momentum distributions [15] [16] [17] , Coulomb dissociation [18] , and knockout reactions [13, 19, 20] . These results have established the one-neutron halo structure with spin and parity J π of 1/2 + g.s.
and one-neutron separation energy S n of 580(90) keV [21] . In addition, an excited state at ≈200 keV has been established by in-beam γ -ray studies [22, 23] which propose a tentative J π of 3/2 + . A second possible γ -ray transition at ≈70 keV was also observed [23] , suggesting a J π = 5/2 + state at ≈270 keV. However, this state is questioned because a 5/2 + state in 19 C was observed just above the threshold [24] , and one-neutron knockout cross sections exclude a bound 5/2 + state [13, 20] . Based on the proposed level scheme, the multipolarities of the observed transitions are expected to be M1, presenting an ideal case to investigate magnetic responses of halo nuclei.
In this work, the M1 transition strength in 19 C is determined through an excited-state lifetime measurement with fast rare-isotope beams using the state-of-the-art Gamma-Ray Energy Tracking In-beam Nuclear Array (GRETINA) [25] . Based on the previous γ -ray studies [23, 26] and shell-model calculations [27, 28] , the expected lifetimes of the excited states range from the order of 10 ps to 10 ns. To cover a wide range of lifetimes, we apply two complementary Doppler-shift techniques: the line-shape and recoil-distance methods. The line-shape method [29] is based on the emission-point distribution of γ rays emitted from fast-moving reaction products and is sensitive to relatively longer lifetimes of 100 ps to 10 ns. On the other hand, the recoil distance Doppler-shift method [30] utilizes the plunger device [31] , which holds the target and degrader at a precisely known distance to produce fast and slow components in the Doppler-shifted spectra. Lifetimes down to the order of 1 ps can be determined by measuring the relative γ -ray yields. The excellent energy and position resolution as well as the high detection efficiency of GRETINA allows us to make use of both methods with unprecedented sensitivity.
The experiment was performed at the Coupled Cyclotron Facility at the National Superconducting Cyclotron Laboratory (NSCL) at Michigan State University. A 22 Ne primary beam was accelerated to an energy of 120 MeV/nucleon and directed onto a 1081-mg/cm 2 -thick 9 Be production target. The reaction products were collected and analyzed by the A1900 fragment separator [32] with a 2% momentum acceptance to produce a secondary beam of 20 N at 74 MeV/nucleon. A 750-mg/cm 2 -thick Al wedge degrader was used to obtain a purity above 90%. The 20 N beam had a typical intensity of 1.3 × 10 4 pps. The secondary beam was delivered to the experimental area, where a one-proton knockout reaction was used to populate states in 19 C. The plunger device [31, 33] was placed at the target position of the S800 [34] . Initially, line-shape data were taken with only a 370-mg/cm 2 -thick Be target. Afterward, a 1527-mg/cm 2 -thick Ta foil was added 5 cm downstream of the target and used as a degrader for the recoil-distance measurement. With this degrader, the velocity of the 19 C beam was reduced from v/c ≈ 0.36 to 0.32. Particle identification of reaction products was provided from energy-loss and time-of-flight measurements in the S800 [34] .
De-excitation γ rays were detected with the GRETINA array [25] in coincidence with outgoing particles. GRETINA consists of seven detector modules, each containing four high-purity germanium crystals. Each crystal is divided into 36 segments, providing excellent γ -ray interaction position resolution through the signal decomposition procedure [25] . Doppler-shift corrections were made based on the γ -ray hit position in GRETINA by assuming that γ rays are emitted from the target position. The momentum-vector information of recoiling particles was obtained by the ray tracing through the S800 spectrograph and incorporated event-by-event in the Doppler-shift corrections. In order to provide a balance between the γ -ray detection efficiency and sensitivity to the varying degrees of Doppler shifts arising from different recoil velocities in the recoil-distance measurement, the target was placed about 13 cm upstream of the center of GRETINA. This resulted in four detectors being located around 40
• and three detectors around 65
• . The Doppler-shift corrected γ -ray spectra from the line-shape and recoil-distance measurements are shown in Figs. 1(a) and 1(b), respectively. The multiplicity M=1 is chosen to improve the signal-to-noise ratio. The γ -ray peaks associated with the decay from the first excited state at 209(2) keV are clearly visible in both spectra with characteristic spectral shapes which provide a means to constrain the decay lifetime. In both Figs. 1(a) and 1(b), the peaks show a broad low-energy tail extending down to about 100 keV. The moderate slope in the spectra indicates the γ decays occur while 19 C recoils are moving along the beam path surrounded by GRETINA. This means the decay lifetime is on the order of nanoseconds, because the detector coverage extends about 30 cm downstream of the target, corresponding to a flight time of 3 ns at the 19 C recoil velocity. Concerning the recoil-distance spectrum shown in Fig. 1(b) , the two-peak structure is evident at around 200 keV with the fast and slow components arising from the different recoil velocities. Since the γ -ray yield is much larger for the slow component, the lifetime is likely longer than the flight time (0.5 ns) of recoils passing through the target-degrader separation of 5 cm. A transition from a possible state near 270 keV is not significantly observed in the present work. A γ -γ analysis gated on the 209-keV transition places an upper limit of 10% on the possible feeding.
The lifetime was determined through χ 2 minimization by comparing data to simulated spectra [29, 35] . The simulation utilizes the GEANT4 package and incorporates the geometry 041303-2 of GRETINA [33] . The variable parameters used in the fits are the lifetime of the state and the amplitudes of both the spectrum and the background contribution. In this study, the spectrum in coincidence with 9 Li recoils was used as the background, instead of the exponential background typically assumed, in order to separate the summed contributions from the background and lifetime effects and properly incorporate the detector response close to the threshold. In 9 Li, the only γ transition is from the state at 2.7 MeV, and the low-energy region of the spectrum should be dominated by background.
The best-fit results are shown in Fig. 1 . The fit was made using the energy region above 100 keV. This corresponds to roughly 130 keV in the laboratory frame, where the consistency with simulation was verified with standard sources. The mean lifetime (τ ) of the first excited state was determined to be 1.98(10) ns and 1.90(10) ns from the line-shape and recoil-distance data, respectively, where the errors are statistical only. Systematic errors stemming from uncertainties in geometry and beam properties are at most 3% for either measurement. For the recoil-distance data, additional ambiguities arise from reactions producing 19 C in the degrader, which introduce background contributions in the lifetime measurement. The target/degrader reaction yield ratio R assumed in the present simulation is 4.6(14), which is estimated from the ratios deduced in previous experiments which utilized analogous one-proton knockout reactions from nitrogen projectiles [36, 37] . The large R in this measurement results in a small additional error of 2%. By adding the statistical and systematic errors in quadrature, the results are deduced to be 1.98(12) and 1.90(13) ns for the two measurements. Because the two results are consistent, the adopted value is determined to be 1.94 (15) ns by taking the average, where the error also includes the difference (4%) between the two results.
Assuming a pure M1 transition, the B(M1) strength for the 209-keV transition can be determined to be 3.21(25)×10 −3 μ 2 N or 1.79(14)×10 −3 Weisskopf units (W.u.). If there is an admixture from the E2 multipolarity in this decay, the B(M1) strength is reduced accordingly. However, the effect is expected to be negligible in this case due to the 1/E 2L+1 dependence of the partial lifetimes. In this mass region, the largest E2 transition strengths connecting to ground states are about 20 W.u. [39] . With this strength assumed, the B(M1) is reduced by only 6%. In fact, the E2 strengths for the 2 + →0 + transitions in neighboring even carbon isotopes are only 1-3 W.u. [36, 37, 40] , so the E2 contribution in 19 C may be safely ignored. A possible spin and parity assignment of 5/2 + for the 209-keV state would require a pure E2 transition for the decay to the 1/2 + ground state, which would result in a B(E2) of 350 W.u., far beyond the recommended upper limit [39] . Thus the present measurement supports the 3/2 + assignment previously proposed for the first excited state in 19 C. To investigate the degree of the M1 hindrance in 19 C, the present result is compared to existing data for M1 decay strengths in the mass region A < 40 in Fig. 2 [38] . For reference, the analogous decay strength measured in the 1/2 + → 3/2 + g.s. transition in 17 C is also plotted [12] . As is clear in Fig. 2(a) , the M1 transition in 19 C is among the smallest [12] . Even when compared to all transitions in this mass region as shown in Fig. 2(b) , the M1 hindrance in 19 C still remains evident, indicative of the unusual structure of 19 C. In Fig. 2(a) , two points at A = 23 are also visible, denoting the 1/2
transitions in the mirror nuclei 23 Na and 23 Mg. These are considered to be interband transitions between Nilsson orbits [2 1 1 1/2] and [2 1 1 3/2] of well-deformed nuclei [41] . In a shell-model picture, the hindrance is due to a large cancellation between the orbital and spin contributions to the M1 strength [42] .
Shell-model calculations were performed and compared to the data as a way to understand the origin of the hindrance as well as the remaining strength. Two effective interactions, SFO-tls [27] and Yuan [43] , are used in the psd model space [27] . Calculations with the WBP interaction [28] were also performed. The SFO-tls interaction is developed based on the PSDMK2 interaction [27] with improvements to the tensor component, which affects magnetic properties directly [27] . The Yuan interaction [43] incorporates a monopole-based universal interaction including the bare π +ρ tensor force for the psd|V |psd and pp|V |sdsd matrix elements which have not been well studied in phenomenological effective interactions.
The calculated results for the B(M1) strength and the 19 C level scheme are shown in Figs. 3(a) Fig. 3(a) . All three calculations (WBP, SFO-tls, Yuan) consistently show strongly hindered strengths for the 3/2 + →1/2 + transition, even below the measured value. However, the level of agreement is improved if one employs the modified M1 operator (striped bars) with the effective g factors g p = 1.175, g n = -0.106, g sp = 5, g sn = -3.5, g tp = 0.26, and g tn = -0.17 [42] . Within this modified operator, the tensor effective g factors allow PHYSICAL REVIEW C 91, 041303(R) (2015) [27] , while the striped bars are obtained with the modified M1 operator as described in the text [42] . The level scheme in (b) shows the 5/2 + states (blue) suggested by previous experiments [23, 24] in addition to the presently studied 3/2 + state (red).
the -forbidden transitions. Concerning the level scheme, all three interactions reproduce the ground-state spin and parity of 1/2 + . The order of the excited levels is inverted in all calculations, while the degeneracy among all three states is well reproduced, particularly by the Yuan calculation. Since it has been found that the B(M1) strength is especially sensitive to a few matrix elements, such as s 1/2 d 5/2 |V |d 5/2 d 3/2 and s 1/2 d 5/2 |V |s 1/2 d 3/2 , possible additional improvements are considered by adjusting those matrix elements. As discussed in Ref. [27] , the above two matrix elements in the J = 2 and T = 1 channel are reduced by 20% to simulate loosely bound effects (denoted +lbe in Fig. 3 and hereafter) . As shown in Fig. 3 , this modification further improves predictions of the B(M1) strength for the SFO-tls and Yuan interactions, without causing significant impacts on the energy levels.
The observed M1 hindrance can be ascribed to the lowering of the s 1/2 orbital and resultant proximity to the d 5/2 orbital characteristic of weakly bound nuclei. The degeneracy of these orbitals is supported by all the calculations, as demonstrated by the compressed level schemes shown in Fig. 3(b) . Among all calculations, the primary configurations of the valence neutrons in the ground and first excited states in 19 C are given as follows:
where the internal configuration of 14 19 C. Other components to the wave functions could allow finite strengths, but the total B(M1) remains diminished due to their smaller amplitudes in addition to cancellation among the different M1 components. A decomposition of the M1 strength into the individual matrix elements for the proton and neutron orbital, spin, and tensor components using the SFO-tls+lbe interaction is shown in Fig. 4 . + and 1/2 + states in 19 C, calculated with the effective g factors as described in the text [42] . The plot shows, from left to right, the values of the individual matrix elements (M) for the orbital, spin, tensor, and total components of the M1 operator for both the protons (red) and neutrons (blue). The proton tensor component has a negligible value compared to the other components.
are restricted to those components shown explicitly in Eq. (1), leading to a vanished M1 transition. Calculations based on ab initio approaches are now becoming possible in this mass region [44, 45] , and it will be interesting to compare those calculations to the present data. This work presents a novel approach to study magnetic responses of halo nuclei through lifetime measurements with fast rare-isotope beams. It also establishes criteria for hindered magnetic dipole responses of s-wave halo nuclei, motivating future measurements in heavier systems. Very recently, the occurrence of deformed p-wave halos has been proposed for neon and magnesium isotopes [46, 47] , presenting intriguing cases for such studies.
